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Abstract 


In this paper we review some critical aspects related to interactions between cathode materials and electrolyte solutions in lithium-ion batteries. 
Previous results are briefly summarized, together with the presentation of new results. This review deals with the basic anodic stability of commonly- 
used electrolyte solutions for Li-ion batteries (mostly based on alkyl carbonate solvents). We discuss herein the surface chemistry of the following 
cathode materials: LiCoO2, V205, LiMn2O,4, LiMn;.sNip 504, LiMnosNiosO2, and LiFePO,. The methods applied included solution studies by 
ICP, Raman, X-ray photoelectron and FTIR spectroscopies, and electron microscopy, all in conjunction with electrochemical techniques. General 
phenomena are the possible dissolution of transition metal ions from these materials, which leads to changes in the active mass and a retardation 
in the electrode kinetics due to the formation of blocking surface films. These phenomena are significant mostly at elevated temperatures and in 
electrolyte solutions containing acidic species. Water-contaminated LiPF, solutions can reach a high concentration of acidic species (e.g., HF), 
which is detrimental to the performance of materials such as LiCoO, and LiFePO,. Both LiMn, 5Nio.sO4 and LiMno.sNio.5O2, even when used 
as nanomaterials, show a high stability in commonly-used electrolyte solutions at high temperatures. This stability is attributed to unique surface 
chemistry that is correlated to the presence of Ni ions in the lattice. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Int i 
nproduenon These batteries offer the highest energy density available to 


date for rechargeable batteries. While currently produced Li-ion 
batteries power mostly small devices such as cellular phones, 
portable computers and mobile electro-optic equipment, inten- 
sive world-wide efforts are taking place to push the technology 
* Corresponding author. Tel.: +972 3 5318309; fax: +972 5351250. even further to much more demanding applications such as large 
E-mail address: aurbach@ mail.biu.ac.il (D. Aurbach). and fast batteries for electric vehicles. 


In recent years, rechargeable Li-ion battery systems have 
become a prominent technology in the global battery market. 
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The major factor that determines the energy density, rate 
capability (i.e., power density), and cost of Li-ion batteries 
is the cathode. The current predominant cathode material is 
LiCoO,, which is very expensive, possesses limited practical 
capacity (<140 mAh g7!) and rates, and suffers from stability 
problems at elevated temperatures in the common electrolyte 
solutions (e.g., a LiPFe salt in a mixture of alkyl carbonate 
solvents). Consequently, intensive R&D work on new cath- 
ode materials for Li-ion batteries is being carried out today by 
hundreds of research groups throughout the world. The major 
cathode materials currently being explored are LiMn204 spinel 
[1], LiFePOg [2], LiMnj_—,—yNi,Co,Oz [3], LiMno 5Nig.5O2 [4], 
LiMn, .5Nio.5O4 spinel [5], LiNij MO (M =a third metal, Co, 
Al) [6], LiyVOy [7], and Li,M,VO, (M=a third metal such as 
Ca, Cu) [8]. Much attention is given to the development of reli- 
able synthetic routes for these materials, their structural analysis 
and basic electrochemical behavior. Furthermore, the scientific 
community studying these cathode materials is reaching a very 
high level of precision in structural analysis, using synchrotron, 
X-ray radiation (for in situ XRD [9], XANES [10], EXAFS 
[11]), high resolution electron microscopy/electron diffraction 
[12], and solid-state NMR [13]. 

All cathode materials of interest for Li-ion batteries are 
reactive with the commonly-used electrolyte solutions, thus 
developing a rich surface chemistry [14]. There is strong evi- 
dence that most of the above-mentioned lithiated transition 
metal oxides are covered by surface films in solutions, due to 
spontaneous reactions with solution components [15]. Hence, 
the electrochemical behavior of most cathode materials may 
depend very strongly on their surface chemistry in solutions 
and phenomena such as surface film formation. Similar to Li 
and Li-C anodes, many types of cathodes for Li-ion batteries 
can also be considered as SEI [16] electrodes (1.e., covered by 
a Li-ion conducting interphase [16]). There are many possible 
reactions of Li,MO, materials with solutions that contain alkyl 
carbonate solvents and Li salts such as LiPFs. These include 
acid-base interactions between the Li,MOy, and trace HF, which 
are inevitably present in LiPF¢ solutions, nucleophilic attack of 
the electrophilic alkyl carbonate molecules by oxygen ions on 
the transition metal oxide, surface-induced polymerization of 
cyclic alkyl carbonates to polycarbonates, and redox reactions 
with solution species (both reduction and oxidation processes 
that may lead to a change in the oxidation state of the transition 
metal, and to dissolution of transition metal ions into the solu- 
tion). In contrast to the precision that can be achieved in the bulk 
analysis of the cathode materials, their rigorous surface analy- 
sis is much more difficult, because very thin surface films may 
be formed whose composition and structure can be profoundly 
influenced by contaminants in the solutions (even at the ppm 
level). 

This paper describes some recent studies related to the sur- 
face chemistry of several cathode materials of interest. These 
include LiCoO2, LiMn; 5Nio.504, LiMno.5Nig.5O2, Li,V20s, 
and olivines. Surface-sensitive techniques such as FTIR, Raman, 
XPS, and electron microscopy were used in conjunction with 
bulk analytical techniques (ICP, XRD) and electrochemical 
methods (voltammetry, chronopotentiometry, and impedance 


spectroscopy). The effect of the particles’ size on their reactivity 
(.e., micro versus nano) was also explored. 


2. Experimental 


The LiCoO used was a commercial product (OMG 
Inc., the particle size was several microns). Microparticulate 
LiMn: .5Nioọ5O4 was obtained from LG Chem. [17] (spinel 
structure, particle size of 2-3 um). Microparticles (several 
microns in size) of LiNi9.5Mo.5O2 were synthesized from 
LiOH, Mn, and Ni acetates via a solution reaction followed by 
solid-state/high temperature calcinations step, according to a 
published procedure [18]. Nanoparticles of LiNio.sMo.5O2 and 
LiMn, 5Nio.5O2 were synthesized by the self-combustion reac- 
tion (SCR) modified by Kovacheva and co-workers [19]. Three 
LiFePOy, olivine compounds were synthesized as summarized 
below: 


1. “Sol-gel” LiFePO4 (denoted as Sample 1) was produced 
by reacting stoichiometric amounts of Li3PO4, H3PO4, and 
FeCe6Hs50-2H20 under flowing argon at 600°C for 15 h, fol- 
lowed by a treatment under 7% H2/N2 at 600°C for Lh. 
The final product contains 3% carbon. Aside from the car- 
bon, the material was phase-pure as determined by XRD: no 
detectable iron phosphide or other impurities were present. 

2. “Solid-state” LiFePO4 (denoted as Sample 2) was produced 
by ball-milling stoichiometric amounts of FeC204-2H20, 
NH4H2PO;3, and Li2CO3, firing the mixture at 600°C for 
12h, and then again at 700 °C in a flowing 7% H2N3 stream. 
The final product contains 3% C, surface FeP, and/or Fe2P 
as determined by a combination of elemental analysis, TGA, 
and XRD. The contributions of the phosphides were esti- 
mated to be <5% 

3. “Hydrothermal” LiFePO, (denoted as Sample 3) was pro- 
duced by reacting H3PO4 and (NH4)2Fe(SOq)2, LiOH, and 
ascorbic acid in an autoclave (Parr pressure bomb) for 15 h at 
190 °C. The solid product was sintered at 600 °C for 6 h under 
flowing argon. The material contains traces of Fe2P207 and 
1.8% carbon. 


Thin film V2Os5 electrodes were produced by sputtering V205 
from pellets onto inert metal current collectors (e.g., gold foils) 
by high voltage ionization at high vacuum [20], as well as com- 
posite electrodes comprising nanoparticles of V205. The latter 
were produced in two stages: the formation of carbon-coated 
V203 nanoparticles by the RAPET method [21], followed by 
heating them in air up to 400 °C, which formed nanoparticles of 
V20s5 partially covered by a thin film of carbon layer [22]. 

In general, two types of electrodes were studied: 


1. Composite electrodes comprising the active mass (~80% by 
weight), carbon black, and polyvinylidene difluoride (PVdF) 
binder (~10% by weight each) on Al foil current collectors. 
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2. Binder-free electrodes in which the active mass was embed- 
ded by pressure onto Al foil current collectors. 


The preparation of the composite electrodes has already been 
described in detail [23]. 

The electrolyte solutions used included LiClO, and LiPF6 
1-1.5 M in mixtures of EC-DMC or EC-EMC (Merck Inc. and 
Tomiyama Inc., Li battery grade used as received). We also used 
LiPF¢ solutions that were deliberately contaminated by water 
(up to 800 ppm). The temperature range included 25-—80°C 
(using the appropriate thermostats). The techniques and instru- 
mentation included: ICP and MicroRaman spectrometer from 
Jobin-Ivon Inc.; FTIR spectrometer from Nicolet Inc. (Magna 
860) in transmittance and reflectance modes; XPS (HS AXIS) 
from Kratos Inc.; XRD was measured by a Bruker D8 Advance 
powder diffractometer using standard Bragg-Brentano geometry 
with Cu Ka radiation (A = 1.5406 A). Data were collected from 
10 to 70° in 20); SEM (JSM-840) from Jeol Inc. and standard 
electrochemical techniques (voltammetry, EIS, chronopoten- 
tiometry) using equipment from Maccor, Arbin, Solatron, and 
Eco Chemie. 


3. Results and discussion 
3.1. On the anodic stability of the electrolyte solutions 


The intrinsic anodic stability of polar aprotic electrolyte solu- 
tions relevant to Li-ion batteries is generally determined by 
the solvents, and not by the Li salts that are commonly used. 
It is possible to classify three systems in terms of stability to 
electrochemical oxidation: 


1. Systems containing C—O-C ether linkages, including ethe- 
real solutions or polymer electrolytes based on polyethers 
(e.g., polyethylene oxide, PEO), and its derivatives. These 
can be oxidized below 4 V [24] versus Li/Li* due to the intrin- 
sic limited anodic stability of the ether linkage (i.e., C-O-—C 
bonds). 

2. Electrolyte solutions comprising solvents such as organic 
esters or alkyl carbonates and gel systems containing alkyl 
carbonates (i.e., polymeric matrices such as PVdF deriva- 
tives or poly polyacrylonitrile derivatives that are mixed with 
Li salts and alkyl carbonate solvents). These seem to have 
apparent electrochemical windows of more that 4.5-5 V [25]. 

3. Ionic liquids such as derivatives of imidazolium or pyrroli- 
dinium salts demonstrate high anodic stability, >5 V versus 
Li/Li* [26]. There is a growing interest in these systems in 
relation to Li batteries [27]. However, their applicability for 
practical use is still very questionable. 


Hence, the most important electrolyte systems for Li-ion bat- 
teries are the liquid solutions based on alkyl carbonate solvents, 
which are apparently compatible with high voltage cathode 
materials (up to 5 V versus Li/Li* [17]) and enable reasonable 
performance at low temperatures. However, rigorous studies 
of the electrochemical behavior of alkyl carbonate-based solu- 
tions with metal electrodes, which included the use of in situ 


FTIR spectroscopy and EQCM revealed that alkyl carbonate 
solvents can be oxidized on platinum and gold electrodes at 
potentials above 3.5 V (Li/Li*) [28]. These processes do not 
form precipitates as proven by EQCM [28]. The products iden- 
tified by in situ FTIR, NMR, and GCMS [28] include CO, 
COz, and organic species with ester, aldehyde, and OH groups. 
Potentiodynamic studies of these oxidation processes demon- 
strate that the kinetics are very sluggish up to 4.5 V (Li/Li*), 
as only a low current density can be measured. At potentials 
>4.5 versus Li/Li*, significant oxidation of alkyl carbonates 
is observed. Since Li-ion batteries operate at potentials up to 
5 V and can undergo hundreds of charge—discharge cycles, it 
is clear that massive oxidation processes of alkyl carbonate 
solvents are largely inhibited on most (if not all) of the com- 
posite positive electrodes used in Li batteries. However, the 
small-scale oxidation processes of alkyl carbonates at potentials 
above 3.5 V described above can affect the surface chem- 
istry of the positive electrodes and their possible passivation 
processes. 


3.2. On the surface chemistry of LiCoO2 electrodes 


LiCoO? electrodes have two levels of performance. In stan- 
dard LiPF, solutions with a relatively low level of acidic 
contamination (high ratio between the electrode’s active mass 
and solution volume), LiCoO2 electrodes can be cycled very well 
at temperatures above 60°C. On the other hand, in solutions 
containing acidic contaminants (e.g., HF in LiPFe solutions, 
water-contaminated solutions), LiCoO2 can be deactivated as 
demonstrated in Fig. 1(a and b). Moreover, an examination of 
full cells cycled at 60°C comprising a LiCoO2 cathode, an 
MCMB anode, and LiPF¢ based electrolytes clearly showed 
that the cause of any capacity fading is the MCMB electrode, as 
demonstrated in Fig. 1c. Binder-free or composite electrodes 
prepared from LiCoO, (see above) were stored at 60°C in 
EC-DMC solvent mixtures, standard LiPF¢ solutions, and water- 
contaminated LiPF¢ solutions containing up to 800 ppm H20. 
The solutions were analyzed by ICP for cobalt-ion content, 
and the LiCoO2 powders were studied by Raman spectroscopy, 
XRD, and electron microscopy. The major results are summa- 
rized below [29]: 


1. We failed to detect Co dissolution in salt-free solvent mix- 
tures. 

2. Co dissolution occurs in LiPF¢ solutions and is very pro- 
nounced in water-contaminated solutions. The temperature 
strongly affects Co-ion dissolution (which increases as the 
temperature is raised). 

3. Co dissolution is most pronounced from composite elec- 
trodes containing LiCoO2 and a PVdF binder. It is very 
important to note that cobalt-ion dissolution from electrodes 
comprising LiCoO2 particles embedded in Al foil (no PVdF), 
or LiCoO2 powder stored in solution (even when containing 
PVdF powder as well), was much less pronounced than that 
observed with composite electrodes containing LiCoO2 and 
PVdF in physical contact. 
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Fig. 1. Cycling behavior and CV of LiCoO) electrodes: (a) “thick” electrodes 
(13 mg of LiCoO2 active mass) in coin-type cells (right inset shows CV of 
the identical electrode), (b) “thin” electrode (1 mg of LiCoOz active mass) 
in flooded cell, and (c) full cell LiCoO2/MCMB + MCF and two half cells: 
MCMB + MCP/Li and LiCoO2/Li at C/8. Electrolyte solution composition: 1 M 
LiPF6 in EC/EMC 1:2. 


Fig. 2 shows the Raman spectra of: a pristine LiCoO2 elec- 
trode; a LiCoO2 powder after being stored in an EC-DMC/LiPF6 
solution that also contains PVdF; an electrode comprising 
LiCoO, and Al foil but no PVdF binder; and a composite 
LiCoO2/carbon black/PVdF/AI electrode after being stored in an 
EC-DMC/LiPF¢ solution at 60 °C. The Raman spectra measured 
from the LiCoO2 powder or an LiCoO?/AI electrode after stor- 
age are very similar to those of the pristine material. However, 
the Raman spectrum measured from the composite electrodes 
after storage clearly shows new peaks, which we assign to 
Co304 and delithiated CoO2 (denoted by the arrows in Fig. 2). 
These results correlate very well with the Co dissolution tests 
that revealed enhanced Co-ion dissolution from composite elec- 
trodes in LiPF¢ solutions. Prolonged storage tests at 60°C also 


LiCoO, composite electrode 


LiCoO, on AI foil 


LiCoO,+PVdF powders 
6004 mixture 


T T T 1 
300 400 500 600 700 800 


Raman shift / cm” 


Fig. 2. Raman spectra of LiCoO2 electrodes with/without PVdF binder after 
being stored for 2 weeks at 60°C in standard electrolyte solutions: 1 M LiPF6 
in EC/EMC, LiCoO2 powder that was stored in a similar solution that also 
contained PVdF powder, and a pristine LiCoO? electrode. 


revealed that LiCoO) can catalyze the decomposition of the alkyl 
carbonates to form CO2. This may involve the reduction of Co*+ 
to Co?* ions that may easily dissolve in solutions. Hence, we 
can conclude that the following reactions take place: 


disproportionation 
—? 


ALiCoO> CoO? + Co! CoO; + 2Li20, 


Lipo 2LiF + H20. 


This reaction is driven by the presence of HF that reacts with 
Li20 to form highly stable LiF and H20. The latter reacts with 
LiPF6, thus forming more HF; hence, the reaction above is 
somewhat autocatalytic. 

LiPF¢ undergoes thermal decomposition to LiF and PFs, the 
latter reacting with trace water to form PF30 and 2HF. It should 
be noted that LiF films are highly resistive [30]. The increas- 
ing impedance measured for LiCoO2 electrodes upon storage 
in LiPF¢ solutions is attributed to the formation of LiF films. 
FTIR spectra of LiCoO? electrodes showed that pristine pow- 
der always contains surface LizCO3, while LiCoO? stored in 
alkyl carbonate solutions contains surface species with alkyl 
carbonate groups (ROCO2Li or (ROCO)2Co) [14]. We assume 
that such compounds can be formed by nucleophilic reactions 
between surface oxygen ions and alkyl carbonate molecules, 
which are very electrophilic. LiCoO, can be stabilized, even 
at elevated temperatures up to 90°C, in acidic LiPF¢ solutions 
containing Co** ions (>100 ppm) [31]. Surfaces studied by XPS 
show that surface CoF is formed, and thus inhibits detrimental 
Co? dissolution, surface Co304 formation, and a nucleophilic 
reaction between oxygen and alkyl carbonates on the LiCoO2 
surface. However, it should be noted that any presence of cobalt 
ions in solutions leads to the precipitation of cobalt compounds 
and metal on the negative electrode. Such precipitation may 
be detrimental to the passivation of Li-carbon negative elec- 
trodes [32]. Thus, Co-ion dissolution should be considered as a 
phenomenon to be avoided. 
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An obvious conclusion from the preceding results is that in the 
above reactions with HF, the formation of surface Co304 and the 
dissolution of Co ions occur mostly at the contact points between 
the LiCoO) particles and PVdF. These contact points are prob- 
ably preferred sites for HF/H2O adsorption to the electrode’s 
surface, which then drives the above-described heterogeneous 
reactions. It should be noted that a similar detrimental effect of 
acidic LiPF¢ solutions was found for V205 electrodes [20]. The 
cycleability and kinetics of V205 in non-acidic, alkyl carbonate 
solutions (e.g., when the Li salt was LiClO4) were very good. 
Conversely, their kinetics in acidic LiPF¢ solutions, especially 
at a low ratio between the active mass and solution volume, was 
very sluggish due to the formation of surface LiF [20]. To date 
we have not studied the possible dissolution of vanadium ions 
from V2Os in solution, but we anticipate that the use of carbon- 
coated V205 (see Section 2) will lessen the detrimental effect 
of acidic species in solutions. The study of this material only 
began recently [22] and is now in progress. 

The high sensitivity of LiMO2 cathode materials to acidic 
species in solutions at elevated temperatures can be largely 
avoided by covering the particles of the active mass with a 
thin interphase layer of a basic species such as MgO. It was 
clearly demonstrated that LiMn204 (micro) particles covered 
by thin layers of MgO nanoparticles show high stability and low 
impedance in LiPF¢ solutions containing acidic contaminants, 
at 60°C [33]. 


3.3. On LiMn; 5sNiọo.504 and LiMno.5Nio,sO2 electrodes 
As demonstrated in previous publications [17], 
LiMn; 5Nio.5O4 electrodes are remarkably stable in LiPF6 


solutions (1.5 M) of alkyl carbonates even at 60°C, despite 
the fact that their redox activity is between 4.5 and 4.8 V 
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(Li/Li*) due to the Ni?*/Ni*+/Ni** couples [34]. Impedance 
spectra indicate the development of highly stable surface films 
that protect the LiMn;.5Nigo.5O4 electrodes from detrimental 
reactions with solution species, and inhibit any pronounced 
oxidation of the alkyl carbonate solvents. The formation of 
such films is especially evident at elevated temperatures. To 
date, we have not deciphered the structure of the surface films 
that are probably formed on LiMn, 5Nio.5O4. 

We report herein on the highly stable behavior of 
LiMn,.5Nio,sO4 electrodes, prepared from both micro- and 
nanoparticles (“20 nm in size, produced by SCR [19]) of the 
active material. Fig. 3 compares their Raman spectra stored at 
70°C in LiPF¢ solutions, to those of pristine powders. These 
spectra demonstrate very clearly the remarkable stability of 
these nano- and microparticulate materials. As expected for the 
smaller sized particles, the peaks in the spectra of the nano- 
materials are broader. Fig. 4 shows some aspects related to 
the performance of the electrodes comprising nanoparticles of 
LiMn; 5Nip5O4. The regular CV curves of these electrodes 
clearly reflect the two reversible Ni?*/N**, Ni>*/Ni** couples. 
In contrast, electrodes comprising nanoparticles that were aged 
in solution for a few weeks show nearly featureless voltammo- 
grams, which reflect very sluggish kinetics (marked in Fig. 4). 
However, when the same aged material was ground with carbon 
black and the composite electrode was prepared from the ground 
material, its CV reflects fast kinetics and is very similar to that 
of a pristine electrode, as demonstrated in Fig. 4. These results 
show that the deactivation of the LiMn, .5Nio9.5O4 nanoparti- 
cles due to aging is only a superficial phenomenon related to 
surface films that interfere badly with the electrical contact of 
the particles and charge transfer to/from them. The bulk of the 
active mass was not affected by aging. This demonstrates the 
stability of this material. The rate capability of this material is 
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Fig. 3. Raman spectra of micro- and nano-sized LiNig,5Mn,.5Oy pristine material and material aged (70 °C) in DMC-EC (2:1)/1.5 M LiPF¢ solutions, as indicated. 


The main peak positions and the corresponding FWHM values are also marked. 
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Fig. 4. Cyclic voltammograms (CVs) of thin electrodes (on Al foil current col- 
lectors) comprising nano-sized particles of the pristine LiNio.s Mn; 5O04 powder, 
of a powder aged in a DMC-EC (2:1)/1.5 M LiPF¢ solution at T=30°C for 35 
days, and of the same aged powder ground with carbon black (15%). All the elec- 
trodes were free of PVdF binder. CVs were recorded in DMC-EC (2:1)/1.5M 
LiPF¢ solutions at T=25 °C using three-electrode flooded cells, at the potential 
scan rate of 70 nV s~!. 


also impressive. Up to 1C rates, the maximal practical capacity 
(around 140 mAh g7!) could be obtained. About 80% of that 
capacity can be obtained at 5C rates. Impedance spectroscopy 
of electrodes comprising nanoparticles of LiMn, 5s Niọ.5O4 indi- 
cates that up to 70 °C (the upper temperature that we have studied 
so far), the surface chemistry develops stable, passivating surface 
films as the temperature increases. In other words, surface films 
formed at high temperatures remain stable and do not change 
at lower temperatures, as was found for electrodes compris- 
ing LiMn; 5Nio.5O4 microparticles [17]. This is reflected by the 
fact that once an electrode is exposed to an elevated tempera- 
ture, its impedance behavior at this temperature does not change, 
even after prolonged storage/cycling of the electrodes at a lower 
temperature. It should also be noted that some Mn and Ni ion 
dissolution from these electrodes could be detected only after 
prolonged (several weeks) storage at 60°C. 

We also prepared nanoparticles of LiMno5Nio.5O2 by 
the SCR method. Fig. 5 compares the slow scanning rate 
CV of a composite electrode comprising nanoparticles of 
LiMno.5Nio.5O2 that was aged at 60°C in an EC-DMC/LiPF, 
solution, to that of the same pristine electrode. This compari- 
son demonstrates the relatively high practical capacity of this 
material of close to 200 mAh g™!; and its high stability during 
cycling and aging even at elevated temperatures. The high sta- 
bility of both LiMn;.5Nio.sO4 and LiMno.5Nio,sO2 is striking 
when compared to that of LiMn 2O, (spinel structure) elec- 
trodes at elevated temperatures. The latter materials are well 
known for their instability at elevated temperatures, reflected 
by accelerated capacity fading upon cycling and pronounced 
Mn ion dissolution (which leads to the destruction and deac- 
tivation of the active mass) [35]. Hence, it appears that the 


le-5 
T=60 °C Ni?! /Ni*'/Ni"’ 
v=5 uV s” 
5e-6 4 Mn” Mn" 
Initial 
a (stabilized) 227 yY: 
z $ 
v 
4 0 
~ 
_ 
-5e-6 - 2.80 V 
3.55 V 
After ageing 
°C. 50 da 
Capacity loss=0.3% per day py cus days 
-le-5 + T T T T T 
2.0 2.5 3.0 3.5 4.0 4.5 5.0 


E/V vs. Li/Liv 


Fig. 5. Slow scan rate voltammograms of composite electrodes comprising 
nano-LiNio.sMno.5O2 at the initial (steady) state and after 50 days of ageing in 
solution at 60 °C. Three-electrode coin-type cells, DMC-EC (2:1)/1.5 M LiPFe 
solution. 


replacement of part of the Mn ions by Ni ions in these materials 
stabilizes them. One reason may relate to the different oxida- 
tion state of Mn in the two compounds. The Mn?5* oxidation 
state in the LiMn20;4 spinel, means that some Mn is in the oxi- 
dation state 3+ and this makes it prone to disproportionation 
Mn! —> Mn! + Mnl”. It is well known that it is the Mn" that is 
subject to dissolution. In contrast, the oxidation state of Mn in 
LiMn, .5Nio.5O4 is higher and hence it cannot proportionate to 
form soluble Mn" ions. Beyond that, our hypothesis, which has 
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Fig. 6. Results of Fe ion dissolution tests from LiFeO, olivine powders at 30 °C 
(top) and 60°C (bottom) in three solutions: LiClOg 1M in EC/DMC=1:1, 
LiPF6 1 Min EC/DMC, and LiPF6 1 M= 1:1 in EC/DMC = 1:1 with 100 ppm of 
H20. Sample #1: Produced by reacting LizPO4, H3POx4, and 3FeCgHs0-2H20 
(see Section 2). The final product contains 3% carbon. Sample #2: Produced by 
reacting FeC204-2H20, NH4H2POu, and 0.5 LizCO3 (see Section 2). The final 
product contains 3% C, surface FeP, and/or Fe2P. The results are expressed in 
percent of compound remaining (based on the calculation of %Fe dissolved). 
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to be proven (work in progress), is that the presence of Ni in the 
lattice makes the oxygen atoms more nucleophilic. Thus, surface 
oxygen ions nucleophilically attack the electrophilic alkyl car- 
bonate molecules that forms protective surface films comprising 
ROLi and ROCO3Li species, which behave according to the SEI 
model [16], thus protecting the active mass and preventing tran- 
sition metal dissolution, but allowing Li-ion transport through 
them. This hypothesis is partially supported by previous studies 
that showed that LiNiOz is much more reactive to alkyl car- 
bonate solutions than both LiMn20;4 and LiCoO2 FTIR studies 
of LiNiO2 powder/electrodes clearly reflected the formation of 
surface ROCO2Li compounds on this material [36]. 


3.4. On LiFePO q electrodes 


Three LiFePO4 samples were synthesized as described above 
in Section 2. The synthesis routes were varied to produce 
LiFePO, from a sol-gel method (Sample 1); a solid-state pro- 
cessing method (Sample 2); and a hydrothermal method (Sample 
3). 

Fig. 6 shows the results of storage tests for two representative 
samples at 30 and 60°C in an EC-DMC/1M LiClO, (non- 
acidic) solution, an EC-DMC/LiPF¢, and an EC-DMC/LiPF¢ 
solution contaminated with water (100 ppm). The latter two solu- 
tions contain HF, and hence, should be considered as acidic. 
During 30 days of storage, solution samples were taken out and 
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examined by ICP. From the iron content in these samples, it was 
possible to follow Fe ion dissolution upon storage, and hence, to 
calculate the loss in the active mass as a function of storage time, 
temperature, and solution composition. The results displayed in 
Fig. 6 reveal the following findings: 


1. In the LiClO, solution, which does not contain acidic con- 
taminants, Fe ion dissolution and the consequent loss of the 
active mass is negligible even at elevated temperatures. 

. As the solution becomes more acidic (i.e., solutions con- 
taining LiPF¢ as the salt and those further contaminated by 
water), the dissolution of Fe ions becomes more pronounced. 

. As expected, higher temperatures lead to more pronounced 
Fe ion dissolution. 

. The materials containing a higher percentage of intrinsic car- 
bon (e.g., 3% versus <2%) and which are not contaminated 
by other phases other than LiFePO, are the most stable in all 
three solutions studied. 


Based on these data, Fig. 7 presents the voltammetric and 
impedance behavior of electrodes comprising the most stable 
olivine material: namely Sample | produced by sol-gel methods 
that result in about 3% carbon inclusion, in combination with the 
non-acidic solution (LiC104). Fig. 7a compares the steady state, 
slow scanning rate voltammograms of these electrodes mea- 
sured after two different periods of storage at 30°C (10 and 20 
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Fig. 7. Typical stable behavior of a LiFeO, olivine electrode in solutions containing no acidic contamination, e.g., in LiClOg4 1 M EC/DMC = 1:1. The active mass 
was prepared from Li3PO4, H3PO4, and FeCgH507-2H20 (Sample #1, see Section 2). CV (a) and EIS (b) of fresh and aged electrodes are presented. 
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Fig. 8. Typical unstable behavior of a LiFeOy, olivine electrode in solutions containing acidic contamination, e.g., in LiPFg 1 M EC/DMC = 1:1. The active mass was 
prepared from FeC204-2H20, NH4H2POg, and 0.5 LizCOs (Sample #2, see Section 2). CV (a) and EIS (b) of fresh and aged electrodes are presented. 


days, as indicated) to that of the pristine electrode. All the three 
CVs in the figure are nearly identical and reflect the expected 
capacity of close to 150 mAhg~!. Fig. 7b compares families of 
Nyquist plots obtained from these electrodes in LiC104 solution 
at different potentials soon after stabilization (i.e., after the elec- 
trode underwent the first few voltammetric cycles in the 2.5-4 V 
range versus Li/Li*); and after storage for 20 days in solution. 
The impedance behavior of these electrodes is very interesting. 
It decreases during the course of delithiation as the electrode’s 
potential increases. At potentials in which the electrode is fully 
delithiated (e.g., >4 V versus Li/Li*), the Nyquist plots com- 
prise a semicircle and a straight line at nearly 90°. These spectra 
portray the interfacial charge transfer coupled with interfacial 
capacitance at high frequency, and the pure capacitive behavior 
at low frequency. This reflects the smooth delithiation of these 
electrodes and the absence of side reactions. Further analysis of 
the impedance behavior of these systems is beyond the scope of 
the present paper. That storage leaves the impedance spectra of 
this system nearly invariant is particularly remarkable (Fig. 7b). 
Hence, the data presented in Fig. 7 correlate very well with that 
presented in Fig. 6 and demonstrate the highly stable behavior 
of these systems. 

Fig. 8 shows similar data as in Fig. 7, but for a less stable 
material/solvent combination, namely Sample #2 (“solid-state” 
LiFePO4) in LiPF¢ solution. The CVs in Fig. 8a display a slight 
decrease in the electrode’s capacity upon storage. The Nyquist 


plots in Fig. 8b reflect the increase in the electrode’s impedance. 
Combined, these results show that in addition to Fe ion disso- 
lution (and hence to a loss in the active mass), storage in LiPF¢ 
solutions leads to the precipitation of resistive surface films that 
make the kinetics of the electrodes to be more sluggish. We 
assume that the presence of HF has a doubly detrimental effect: 
Fe ions can be exchanged by protons, and the Li ions in the lattice 
near the surface react with F~ ions, thus forming surface LiF. 
Surface films comprising LiF are known to be highly resistive 
to Li-ion migration [30]. 

The exact mechanism of Fe dissolution, the impact of HF and 
H20 contaminants on enhanced Fe ion dissolution, and the sur- 
face chemistry of LiFePO, electrodes in these solutions has not 
yet been determined. The relevant research work is in progress. 


4. Conclusions 


All commonly-used cathode materials develop rich surface 
chemistry in alkyl carbonate solutions. This includes acid—base 
reactions, nucleophilic reactions, induced polymerization, and 
transition metal dissolution that is accompanied by phase tran- 
sitions. 

Examples of the formation of surface films are: 


e All cathodes—LiF, ROCO2Li, ROCO2M, ROLi, MCOs3, 
Li2CO3, MF; (M = transition metal), polycarbonates; 
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e Li[Mn,Ni]O4 > A-MnO2; 
e LiCoO2 > Co304; 
e Li MnO, (layered materials) —> surface LiMn20;4 spinel. 


Co! ions can oxidize alkyl carbonates to CO3, thus forming 
Co! ions that easily dissolve. On the one hand, the presence 
of Co! ions in solutions stabilizes LiCoO> at high temperature 
(even >80°C). However, in general, the deposition of transi- 
tion metal compounds on all negative carbon electrodes may 
be detrimental to their passivation. The most detrimental con- 
ditions for capacity fading of all cathode materials are acidic 
solutions: those employing LiPF¢, especially in wet, high solu- 
tion/electrode mass ratios. The contact points with the binder 
are the most active in terms of active mass corrosion. Corro- 
sion can be prevented by basic interphase or the use of acid 
scavengers additives in solutions. Finally, electrodes comprising 
nano-LiMno.5Nio,5O2 and LiMn; 5Nio,5O4 show high stability 
up to 5 V in alkyl carbonates/LiPF¢ solutions (even >60 °C). In 
the case of LiFePO, electrodes, optimum stability is derived 
from carbon inclusion/coating of the active material and the 
use of non-acidic electrolyte solutions such as EC-DMC/1 M 
LiClO4. Quite remarkably, these electrode assemblies can be 
stored for long periods of time even at elevated temperature 
without showing marked changes in their impedance spectra. 
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